Photosynthetic data coflected from Pisum sativum L. and Phaseolus vulgaris L. plants at different dages of development were related to symbiotic N2 fiation in the root nodules. The net carbon exchange rate of each leaf varied directly with carboxylation efficiency and inversely with the CO2 compenation point. Net carbon exchange of the lowest leaves reputed to spply fixed carbon to root nodules decined in parfel with H2 evolution from root nodules. The dece in H2 evolution abo coincided with the onset of flowering but preceded the pe-k in N2 fiation activity measured by acetylene-dependent ethylene production.
The importance of photosynthesis for symbiotic N2 fixation in legumes has been inferred from various physiological experiments which altered the availability of photosynthetic products and revealed a corresponding change in symbiotic N2 fixation (6, 8, 17, 21, 24) . Ontogenetic patterns of N2 fixation have been reported for various legumes, but there appear to be no data relating CO2 and N2 reduction in the same plant. The export of photosynthates to the root system has been established to be primarily a function of the lower leaves (14, 22) . A basis for identifying legumes with an increased potential for N2 fixation may result from understanding CO2 exchange characteristics in these leaves, particularly that of carboxylation efficiency. This latter parameter is of interest because it has been found to exhibit genotypic variation independent of diffusive resistance (1) .
Numerous studies on symbiotic N2 fixation have utilized the C2H2 reduction assay (5) to measure N2 fixation capacity. Recent data, however, suggest that C2H2 reduction assays may overestimate nitrogenase activity by inhibiting an ATP-dependent production of H2 by the nitrogenase complex (18) . Schubert and Evans (18) Carbon Dioxide Fixation. Assimilation of CO2 by attached leaves was measured in a flow-through gas exchange system with apparatus and data-handling procedures as described by Augustine et al. (1) . Plants were selected randomly from a uniform stand each week and assayed by inserting each leaf individually into the assimilation chamber and measuring net CO2 exchange at a light intensity of 1,500 ,uEi, with a chamber temperature of 21 C and four CO2 concentration (50, 100, 150, and 300 ,ul/l). Leaves were detached after photosynthetic measurement, and their area determined with a Lambda Instruments LI-3000 area meter. Data obtained for net CO2 uptake and the equilibrium CO2 concentrations in the chamber were computer-plotted (1) as a second order regression line through the data points corresponding to the four CO2 concentrations used. The CO2 compensation point (x intercept) and the slope of the regression line at the compensation point were determined by extrapolation. This slope, an indication of the leaf's capacity to respond to changes in ambient CO2 concentrations, was used as a measure of carboxylation efficiency as proposed by Tregunna et al. (23) .
Nitrogen Fixation. Acetylene-dependent C2H4 production by root nodules was used as a measure of the total flow of electrons through the nitrogenase complex (18) . Hydrogen evolution by root nodules was determined in ambient air and could not be detected in the presence of C2H2. Roots were cut 5 mm above the cotyledonary node, freed from vermiculite by gentle shaking, and placed in jars containing an average of 200 ml of free space. Gas samples for H2 determinations were taken from the jars 30 min after sealing. The jars were then opened, flushed with ambient air, sealed, and adjusted to contain 0.1 atm C2H2 in ambient air. Gas samples were taken after 5 and 35 min, and the hourly rate was computed from the difference. Both H2 evolution and C2H2-dependent C2H4 production were linear with time under the assay conditions. Ethylene analyses were made with a Parkin-Elmer model 3920B gas chromatography equipped with a hydrogen flame ionization detector. Acetylene and C2H4 were separated on a column (0.3 x 122 cm) filled with Porapak R (100-200 mesh). Hydrogen was measured with a thermal conductivity detector attached to the same instrument and analyzed on a column (0.3 x 254 cm) filled with Molecular Sieve 5A (60-80 mesh). Nitrogen served as a carrier gas in both cases at a flow rate of 30 ml/min. Oven temperatures were 45 C for C2H4 and 100 C for H2.
RESULTS
Data collected from pea and bean plants were qualitatively identical. Results are reported only for peas, but all conclusions drawn were supported also by data from beans (3) .
Individual pea leaves were photosynthetically active for a period of about 5 weeks (Fig. la) . The net CO2 uptake rate of each leaf peaked during the 2nd week after CO2 fixation was first detected, and the leaves senesced in an acropetal sequence. During the 8th week after planting the first six to eight leaves ceased to function as sources of photosynthate. The total net CO2 uptake rate for the first seven leaves was maximal during the 5th week ( Fig. 2 ) coinciding with anthesis of the first flower (see Fig. 4 ). Net CO2 uptake for the entire plant peaked during the 7th week, by which time the first six leaves had become photosynthetically inactive (Fig. 2) increased slowly for 3 weeks after the onset of flowering (see Fig. 4 ). The decline in total plant CO2 uptake began during the linear phase of rapid pod filling (Figs. 2 and 4) . Further increase in pod weight was accompanied by a rapid decline in net CO2 uptake and appeared to occur at the expense of vegetative structures ( Figs. 2 and 4 ; Table I ). Complementary data obtained for carboxylation efficiency at weekly intervals showed a pattern similar to net CO2 exchange. Carboxylation efficiencies and CO2 compensation points had an inverse relationship during the development of each leaf: efficiency was low and the compensation point high in young and senescent leaves (Fig. 1, b and  c) . The difference between the maxima and minima of net CO2 uptake, carboxylation efficiency, and compensation points was greatest in the first four leaves.
Maximum H2 evolution occurred during the 5th week after planting, while C2H2-dependent C2H4 production was greatest 1 week later (Fig. 3) . Hydrogen evolution prior to the 4th week after planting was below the level of resolution of our instrument; therefore, an H2/C2H4 ratio could not be computed for the 3rd week. Data in Figure 3 were used to calculate the relative efficiency of N2 fixation (Fig. 4) . The results of these calculations revealed that relative efficiency increased between the onset of flowering and the rapid phase of pod filling, and stabilized thereafter. Linear regression analyses of the increasing and stable portions of the relative efficiency curve show that the probability of a common slope is low (P s 0.005). Data from beans revealed a highly significant (P s 0.01) increase in relative efficiency from 0.48 to 0.58 at the same stage of development (3) .
The time of maximum H2 evolution coincided with the peak in net CO2 uptake in the first seven leaves, with a marked acceleration in total plant dry matter accumulation and with pod formation ( Figs. 2-4 ; Table I ). The time of maximum C2H2 production (Fig. 3) correlated with the cessation of nodule growth (Table I) and the onset of rapid pod filling (Fig. 4) .
DISCUSSION
The CO2 exchange characteristics of pea leaves showed that values for net carbon exchange, carboxylation efficiency, and CO2 compensation point varied markedly at different stages of development (Fig. 1) . Variation in CO2 compensation points as a result of plant age was reported earlier by Smith et al. (20) . The fact that all 17 leaves on pea plants and the first five primary (nonaxillary) leaves produced by the bean plants showed similar developmental changes in CO2 exchange characteristics suggests that using these traits to determine variations between genotypes in carboxylation efficiency will require careful timing and standardization.
The patterns of H2 evolution and C2H2 reduction differed in that maximum H2 production preceded maximum C2H2 reduction (Fig. 3) . This divergent pattern produced an increase in the relative efficiency of N2 fixation (Fig. 4) as computed by the PHOTOSYNTHESIS AND NITROGEN FIXATION formula proposed by Schubert and Evans (18) . The increase in relative efficiency of N2 fixation began at the onset of flowering and decline in photosynthetic production by the first six leaves during the 5th week after planting (Figs. 2 and 4) and continued until rapid pod filling, during the 8th week (Fig. 4) .
Other workers have shown that upper leaves supply assimilates to the shoot apex, while the majority of the assimilates exported from a lower leaf move downward to the root and nodules (14) , that pea leaves subtending pods export a negligible amount of assimilate to the rest of the plant (9) , and that an inadequate assimilate supply to the nodules causes a decline in symbiotic N2 fixation (12) . Because peas in this study formed pods from the seventh node up, only the lowest six leaves can be considered significant sources to the root system. Therefore, from the 5th week on, when pod formation was initiated at the seventh node and net carbon exchange in the first six leaves declined, root nodules presumably received less photosynthate frcm the shoot. At the same time the export of root nodule assimilates probably increased (16) under the influence of the developing pods (2, 13, 19) . This process may be expected to continue until that time in pod filling at which import by the fruit of nitrogen already present in the plant body predominates over import from the nodules (15) . The latter time may be indicated by the cessation of further increase in the relative efficiency of N2 fixation (Fig. 4) , rapidly decreasing C2H2-dependent C2H4 formation (Fig. 3) , and peaking net CO2 exchange by the entire plant (Fig. 2) .
The coincidence of the increase in relative efficiency of N2 in peas with declining photosynthetic activity in the first six leaves and with the development of reproductive structures suggests a causal relation between the change in relative efficiency and changes in source-sink activity. An increase in relative efficiency of N2 fixation should offer a potential advantage to the plant in that less energy is lost through H+ reduction in the root nodules at the time when import from the photosynthetic sources available to the nodules is declining and reproductive sinks for organic nitrogen compounds are enlarging. At least two possible mechanisms can be postulated for the observed increase in the relative efficiency of N2 fixation. First, varying physiological conditions may modify the environment of nitrogenase and cause a change in the proportion of electron allocation to N2 or H+ (4) by this enzyme complex. Alternatively, the expression of hydrogenase activity previously demonstrated in Rhizobium (7) may be induced or altered by ontogenetic changes in the host plant, or by the presence of increasing amounts of H2 in the root nodule as a result of nitrogenase activity. Under our assay conditions hydrogenase activity would reduce the amount of H2 available for measurement, and would thus appear to have the same effect as a decrease in electron allocation to HW.
Our observation of a shift in the relative efficiency of N2 fixation in beans under conditions similar to those in peas suggests that this phenomenon is not an isolated one in the Leguminosae (3) .
